Ofthe three primary phylogenetic domains Archaea (archaebacteria), Bacteria (eubacteria), and Eucarya (eukaryotes) -Archaea is the least understood in terms of its diversity, physiologies, and ecological panorama. Although many species of Crenarchaeota {one of the two recognized archaeal kingdoms sensu Woese [Woese, C. R., Kandler, 0. & Wheelis, M. L. (1990) Proc. Nadl. Acad. Sci. USA 87, 4576-4579J} have been isolated, they constitute a relatively tight-knit cluster of lineages in phylogenetic analyses of rRNA sequences. It seemed possible that this limited diversity is merely apparent and reflects only a failure to culture organisms, not their absence. We report here phylogenetic characterization of many archaeal small subunit rRNA gene sequences obtained by polymerase chain reaction amplification of mixed population DNA extracted directly from sediment of a hot spring in Yellowstone National Park. This approach obviates the need for cultivation to identify organisms. The analyses document the existence not only of species belonging to well-characterized crenarchaeal genera or families but also ofcrenarchaeal species for which no close relatives have so far been found. The large number of distinct archaeal sequence types retrieved from this single hot spring was unexpected and demonstrates that Crenarchaeota is a much more diverse group than was previously suspected. The results have impact on our concepts of the phylogenetic organization of Archaea.
Microbiologists have long understood the limitations of cultivation techniques in assessing the diversity of naturally occurring microbial communities. Commonly, only a small fraction of organisms observed microscopically can be cultivated using standard methods. Recently, sequence-based phylogenetic techniques have been used to alleviate the requirement for cultivation to identify microorganisms. Such studies have detected the presence of previously unknown organisms in each instance of their use (for review, see ref.
1). These techniques sample microbial populations directly through isolating and sequencing specific genes from the environment. Phylogenetic comparative analysis of these sequences is then used to determine evolutionary relationships between members of the community and cultivated species. The results allow inference of some properties of otherwise unknown organisms in the environment, based on the properties of their studied relatives. In addition, the sequences can be used to design oligonucleotide probes for determination of morphotype and abundance of particular organisms and for assistance in cultivation efforts.
We have employed molecular phylogenetic techniques to investigate the diversity of Archaea in a hot spring in Yellowstone National Park. Small-subunit rRNA genes were amplified by polymerase chain reaction (PCR) from DNA extracted directly from sediment, by using primers designed to amplify archaeal and eucaryal genes selectively. Amplification products were then cloned and the nucleotide sequences of the inserts were determined.t rDNA sequences obtained were aligned with and compared to an extensive data base of rRNA sequences from cultivated species. This report describes the recovery, from this single hot spring, of rDNA clones from a remarkable variety of archaeal types, many of them crenarchaeal species with no known close relatives.
MATERIALS AND METHODS
Biomass Collection and DNA Extraction. Samples of the upper 1-10 mm of sediment were collected, frozen on dry ice, and stored at -70'C until processed. Nucleic acids were extracted from sediment samples by a direct lysis procedure adapted from several methods (2-6) and designed to obtain DNA from a broad range of cell types. Approximately 5 ml of sediment was resuspended in buffer A (500 mM Tris-HCl, pH 8.0/100 mM NaCl/1 mM sodium citrate) in the presence of polyadenosine (100 pg/ml) and lysozyme (5 mg/ml) and incubated for 1 hr at 370C with occasional agitation. Proteinase K was then added to 2 mg/ml, and the mixture was incubated for a further 30 min. At the end of incubation, 8 ml of lysis buffer [200 mM Tris HCl, pH 8.0/100 mM NaCl/4% (wt/vol) SDS/10% (wt/vol) 4-aminosalicylate] was added, and the solution was mixed gently by inversion. Three cycles of freezing in a dry ice-ethanol bath and thawing in a 650C water bath were conducted to release nucleic acids. The mixture was then extracted with an equal volume of phenol [saturated with 100 mM Tris-HCl (pH 8.0)], followed by extraction with phenol/chloroform/isoamyl alcohol, 24:24:1 (vol/vol). Four grams of acid-washed polyvinylpolypyrrolidone (PVPP) (Sigma) (6) was added to the aqueous phase, and the mixture was incubated 30 min at 37TC. The PVPP was pelleted from the mixture by centrifugation, and the resultant supernatant was filtered through a 0.45-gm (pore size) filter to remove residual PVPP. Bulk nucleic acids were precipitated from solution with isopropyl alcohol and centrifugation. The resulting pellet was resuspended in 500 jLd of TE (10 mM Tris HCl, pH 8.0/1 mM EDTA), 0.1 g of anhydrous ammonium acetate was added, and the solution was mixed quickly and then centrifuged immediately for 30 min at 40C in a microcentrifuge. Nucleic acids were precipitated from the supernatant by addition of 1 vol of isopropyl alcohol, incubated on ice for 10 min, and centrifuged for 30 min. After resuspension in TE, high molecular weight DNA was isolated from the extract by purification on Sephadex G-200 (PharAbbreviation: RDP, Ribosomal Database Project. *To whom reprint requests should be addressed. tThe sequences reported in this paper have been deposited in GenBank data base (accession nos. pJP 6, L25306; pJP 7, L25307; pJP 8, L25309; pJP 9, L25308; pJP 27, L25852; pJP 33, L25300; pJP 41, L25301; pJP 74, L25302; pJP 78, L25303; pJP 81, L25304; pJP 89, L25305).
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PCR Amplition of rDNA. Bulk DNA from Sephadex fractions or in agarose gel slices was titrated in amplification reaction mixtures to empirically determine the optimal DNA concentration for maximum synthesis of 1-to 1.5-kb products. rRNA genes were amplified by PCR under conditions as described (7), with inclusion of acetamide to 5% (wt/vol) and the substitution of a Tricine-containing buffer (300 mM Tricine, pH 8.4/500 mM KCI/15 mM MgCl2) (8) for the lOx reaction buffer. After an initial 5-min denaturation at 94TC, during which the DNA polymerase was added, thermal cycling conditions were as follows: denaturation at 940C for 1.5 min, annealing at 55TC for 1.5 min, and extension at 720C for 2 min, repeated for a total of 40 cycles. The oligonucleotide primer sequences used were 1391R (9) (5'-GACG-GGCGGTGTGTRCA-3') and 23FPL (5'-GCGGATCCGCG-GCCGCTGCAGAYCTGGTYGATYCTGCC-3'), where R is a purine and Y is a pyrimidine.
Purifiction and Clning of PCR Products. Amplified DNA from 5 to 10 reaction mixtures was pooled, heated to 650C to melt agarose if necessary, then extracted sequentially with phenol/chloroform/isoamyl alcohol and chloroform/isoamyl alcohol, and precipitated with ethanol. After centrifugation, DNA pellets were resuspended in TE and products of the expected size (1.4 kb) were purified on 4% polyacrylamide gels, eluted into 300 mM sodium acetate/0.1% SDS, and precipitated with ethanol. Products were then digested with restriction endonuclease Not I (New England Biolabs) (10), purified on low-melting-point agarose gels (1% SeaPlaque, FMC), and cloned into pBluescript KS+ (Stratagene), all according to manufacturers' directions. Clones containing 1.4-kb inserts were identified by SDS/agarose gel electrophoresis of overnight cultures (11) .
Sequencing and Phylogenetic Analysis. DNA from plasmid preparations of clones (10) was denatured and sequenced by the dideoxynucleotide chain-termination method using Sequenase 2.0 (United States Biochemical) by the manufacturer's recommendations. Universal rRNA-specific (9) and M13 forward and reverse primers (10) were used in sequencing the clones. The following four archaeal-biased sequencing primers were also designed and used for sequence analysis: 340RA, 5'-CCCCGTAGGGCCYGG-3'; 744RA, 5'-CCS-GGGTATCTAATCC-3'; 765FA, 5'-TAGATACCCSSG-TAGTCC-3'; 1017FA, 5'-GAGAGGWGGTGCATGGCC-3' (primer numbering corresponds to the Sulfolobus acidocaldarius nucleotide to which primer 3' nucleotide is complementary).
Sequences were manually aligned with rRNA sequence data from the Ribosomal Database Project (RDP) (12) based on primary and secondary structural considerations, by using the GDE multiple sequence editor distributed by the RDP (12) . Sequences were submitted to the CHECK-CHIMERA program of RDP to detect the presence of possible chimeric artifacts (12, 13) . Phylogenetic analyses were restricted to nucleotide positions that were unambiguously alignable in all sequences. Least-squares distance matrix analyses were performed using the algorithm of DeSoete (14) , with correction for multiple undetected mutations (15) . Neighbor joining analysis was accomplished using the PHYLIP package (version 3.5; obtained from J. Felsenstein, University of Washington, Seattle), while parsimony trees were constructed using PAUP (version 3.1.1; obtained from D. L. Swofford, Smithsonian Institution). Maximum likelihood analyses were performed using FASTDNAML (version 1.0; distributed by RDP; ref. 12). Bootstrap methods (16) were used to provide confidence estimates for tree topologies in neighbor joining, parsimony, and maximum likelihood methods. To avoid potential bias introduced by order of sequence addition, taxon addition order was randomized in neighbor joining, parsimony, and maximum likelihood analyses.
Location and Chemical Analysis ofHot Spring. The location of the hot spring analyzed in this study was determined using a PYXIS IPS-360 global positioning system receiver (Sony). Ten DNA was isolated directly from sediment samples, and rRNA genes were amplified by PCR and cloned. One of the primers for amplification, 23FPL, was chosen to amplify archaeal and eucaryal small subunit rRNA genes selectively, to the exclusion of bacterial genes. Use of this primer, in conjunction with the "universal" 1391R primer (9) , resulted in the recovery of archaeal rDNA clones almost exclusively. A single bacterial-type clone was retrieved (out of98 screened), in addition to 12 clones containing a common sequence that does not appear to be ribosomal (data not shown). No eucaryal rDNAs were detected. The high G+C content ofthe bacterial and nonribosomal sequences may have allowed their amplification by the 23FPL primer, itself w68 mol % G+C. Secondary structure models ofthe cloned rDNAs used in this analysis indicate that they derive from functional rRNA genes.
Initially, m250 nt of sequence was obtained from each of the 98 insert-containing clones. This information was used to identify unique sequence types. Clone types pJP6, pJP27, and pJP8 were the most common (23, 8 , and 7 occurrences, respectively), while the remaining types were represented [1] [2] [3] [4] 
The 5'-terminal 450 nt of sequence from each unique clone type was then determined and used for approximate phylogenetic analyses. Sequences of clones pJP6, pJP7, pJP8, pJP9, pJP74, and pJP81 showed high similarities with 16S rRNA sequences of cultivated Archaea (similiarity values of 0.89-0.98 to closest cultured relatives) but were not identical to any. Phylogenetic analysis of these sequences by maximum likelihood, neighbor joining, and maximum parsimony all resulted in trees with similar topologies (Fig. 1A) . The specific relationships of the sequences of pJP7 and pJP74 with those of Desulfurococcus mobilis, Pyrodictium occultum, and Sulfolobus acidocaldarius were not resolved in this analysis, as indicated by low bootstrap values for these branches. The sequences of clones pJP27, pJP41, pJP78, and pJP89 bore no close similarity to those of any Archaea yet A cultured (similarity values less than 0.87). To infer more accurately the phylogenetic affiliation of the organisms represented by these rDNAs, nearly full-length sequences (.1330 nt) were determined. Analyses of these data by all three phylogenetic methods showed that the sequences cluster specifically with known Crenarchaeota (Fig. 1B) . The phylogenetic placement of the sequences represented in Fig. 1B ciently deeply that they should not be defined as Crenarchaeota or Euryarchaeota.
The correct topology of a phylogenetic tree should be insensitive to the sequences used and the method of analysis (15) . Phylogenetic trees differing in composition of archaeal taxa and rooted with various sets of bacterial or eucaryal sequences, or unrooted, were constructed by maximum likelihood, distance matrix, and maximum parsimony methods. With a single exception (sequences from marine Archaea, see below), no perturbation of the topology shown in Fig. 1B was observed for the sequences of clones pJP33, pJP41, and pJP89 (analyses not shown). Parsimony analysis placed the divergence of the pJP27/78 lineage prior to the branching of the Crenarchaeota from the Euryarchaeota with some selections of taxa (data not shown). However, bootstrap support for this topology was low (<50%) and may be a result of systematic error due to a relatively high rate of nucleotide substitution in the pJP27/78 lineage (21) .
Base composition disparities between sequences have been shown to promote artifacts in phylogenetic analyses (22) . The high G+C content of the sequences of these clones (0.60-0.70) is comparable to that of the rRNAs of cultivated Crenarchaeota and extremely thermophilic Euryarchaeota (0.62-0.67; ref. 22) . Transversion distance-matrix and transversion parsimony analyses (22) (data not shown), however, support the branching order of the clone sequences given in the trees of Fig. 1 , suggesting that base compositional bias has little, if any, influence on this topology.
Hybrid rDNA clones, composed of rDNA from different organisms, can arise during PCR amplification of mixedpopulation DNAs (13) . One possible source of such chimeric rDNAs is that partially elongated DNA products formed during one round of amplification may serve as primers in another round of amplification with a template rDNA from a different organism. Inspection of predicted secondary structures, phylogenetic analyses of different portions of the sequences, and evaluation by the CHECK-CHIMERA program of the RDP indicated that four of the original 98 clones contained such chimeric sequences. These tests all indicate that the sequences analyzed in Fig. 1 are free of chimeric artifacts (data not shown).
DISCUSSION
The great phylogenetic diversity of archaeal rDNA clones recovered from this single hot spring was unexpected and is without precedent in previous studies (1) . Moreover, it is unlikely that the 98 clones inspected exhaust the diversity of this archaeal community, since many of the sequence types were recovered only once. Gene sequences were obtained here that indicate the presence of both close evolutionary relatives of cultivated species and several organisms without known close relatives. Although phylogenetic placement of some of the sequences in Fig. 1A is inexact in detail (as indicated by low bootstrap values), representatives ofmost of the major groups of cultivated Crenarchaeota are evidently present in this environment. Sequences affiliated with the Desulfurococcus/Pyrodictium clade (pJP7 and pJP74), Pyrobaculum sp. (pJP8), and Thermofilum pendens (pJP6 and pJP81) were recovered. In addition, an rDNA sequence (pJP9) highly similar to that of Archaeoglobusfulgidus (97% similarity) was obtained. The first four ofthese named genera have been isolated from environments having temperature and pH ranges that overlap those of this hot spring, whereas all prior isolates of Archaeoglobus sp. have been obtained from marine environments (23) .
Several of the cloned rDNAs show no close phylogenetic affinity to cultivated species (pJP33, pJP41, pJP89, pJP27, and pJP78). Each of these lineages diverges from the crenarchaeal stem closer to its root than do any previously characterized crenarchaeal rDNA sequences. Because ofthe great evolutionary distance separating these sequences from those of cultivated Crenarchaeota, these lineages could represent organisms having fundamentally distinct physiologies. The rDNA sequences of one group in particular, the pJP27/ pJP78 clade, suggest both early divergence from other archaeal groups and relatively rapid evolution after that divergence.
Recently, two other archaeal lineages have been detected by phylogenetic analyses of rDNA clones obtained from marine bacterioplankton populations (18, 20, 24) . The sequences of one of these groups are crenarchaeal in affiliation, although their rapid evolution and relatively low G+C content make their phylogenetic placement problematic. When included in the present analysis, these sequences most often grouped with those of clones pJP27 and pJP78 in distancematrix, maximum parsimony, maximum likelihood, and transversion analyses. However, bootstrap values for this grouping were '55% in all cases, and the marine sequences frequently affiliated with the pJP41 and pJP89 sequences as well, depending on which sequences were used in the analysis (data not shown). The apparent rapid evolution of these marine sequences may account for their erratic behavior in phylogenetic analysis. (20) . However, the pJP27 and pJP78 sequences have only 6 of 16 crenarchaeal signatures, consistent with the hypothesis that they constitute a lineage distinct from that of the marine species and diverge closer to the root of the crenarchaeal branch than do the marine sequences. Further phylogenetic and phenotypic analyses will be necessary to determine the precise evolutionary relationships among these organisms.
The ubiquity of thermophilic lineages and their predominence as the deepest and most slowly evolving branches of the archaeal tree led to the proposal that thermophily may be an ancestral character of Archaea (25) . The G+C contents of the sequences analyzed in this study are largely within the range of those previously reported for the rRNAs of culti-vated thermophilic Archaea, supporting this hypothesis (22) . In addition, studies of bacterial phylogeny suggest an inverse correlation between rate of rRNA sequence evolution and retention of ancestral phenotypic characters (25, 26) . Several of the organisms identified in this hot spring are among the deepest and most slowly evolving of known lineages and may, therefore, provide additional perspective on the ancestral phenotype of Archaea.
rRNA gene sequences recovered in this study document the occurrence ofmany more crenarchaeal lineages than have been recognized previously through cultivation. The results alter our understanding of the phylogenetic organization of Archaea in a fundamental way. Previous analyses of rRNA sequences led to the conception of the archaeal domain as two distinct evolutionary lineages, Crenarchaeota and Euryarchaeota (27) . A relatively large evolutionary distance was seen to separate known Euryarchaeota from the phylogenetic cluster ofcultivated Crenarchaeota, enhancing their apparent distinction. Such discrete separation of the two groups has contributed to speculation that Crenarchaeota might be specifically related to Eucarya rather than to Euryarchaeota, while Euryarchaeota are specifically related to Bacteria (28) . Although all but one of the archaeal lineages discovered in this study appear to be Crenarchaeota, some of them branch from near the root of the crenarchaeal stem. This, together with the recognition of similarly deeply diverging Euryarchaeota (e.g., Methanopyrus; ref. 29) , blurs the prior sharp distinction between the two archaeal groups. The expanded archaeal tree lends further support to the phylogenetic coherence of Archaea as a whole. If the wealth of diversity seen in the present study extends to other environments, it seems likely that additional major lineages of Archaea will be discovered. What has been taken to be two distinct archaeal lineages may even become a bush of lineages arising from the root of the archaeal tree. Molecular methods such as described here allow study of microbial ecosystems without the requirement for cultivation and description of specific organisms. There is a genuine need for sequence-based surveys of microbial communities: our knowledge of the types and distributions of microorganisms in the environment is rudimentary. Studies of natural microbial populations undoubtedly will continue to reveal organisms and fields for further investigation. Environmental surveys of microorganisms also are likely to expand further our understanding of biological diversity and the evolutionary processes that have led to it.
